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We study the production of a single resonance at the LHC and its decay into a pair ofZ bosons.

We demonstrate how full reconstruction of the final states allows us to determine the spin and

parity of the resonance and restricts its coupling to vectorgauge bosons. Full angular analysis is

illustrated with the simulation of the production and decaychain including all spin correlations

and the most general couplings of spin-zero, -one, and -two resonances to Standard Model matter

and gauge fields. We note implications for analysis of a resonance decaying to other final states.
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Physics beyond the Standard Model (SM), to be probed at the LHC will manifest itself through
observations of new particles. To fully understand the nature of any NewPhysics; the spin, CP, and
couplings to the SM fields of a new particle must be determined as accurately aspossible. We
study the decay of new particles at the Large Hadron Collider (LHC) via quark-antiquark or gluon-
gluon partonic production processes into a pair ofZ bosons [1]. TheZZ decay to four leptons final
state is optimal for such studies because the leptons are reconstructed fullyand accurately, more
information is contained a four-body final state, and in many cases, the decay of a new particle to
a pair ofZ bosons may be a large, or possibly dominant, contribution. As an example, possible
new particles which we may expect to find include the spin-zero SM Higgs boson [2] whose decay
to ZZ is dominant above the threshold, 2mZ, twice the mass of theZ boson. However, there are
many other possibilities such as new gauge bosons [3] or a spin-two graviton which appears in
extra-dimensional models [4, 5]. In this study, we take a model-independentapproach so as not
to bias ourselves to any particular beyond the SM scenario. We consider general couplings of any
spin-zero, spin-one, or spin-two particle to the SM fields. By studying the angular distribution of

Figure 1: Illustration of an exoticX particle production and decay inpp collisiongg or qq̄→X → ZZ → 4l±.
Six angles fully characterize orientation of the decay chain: θ ∗ andΦ∗ of the firstZ boson in theX rest frame,
two azimuthal anglesΦ and Φ1 between the three planes defined in theX rest frame, and twoZ-boson
helicity anglesθ1 andθ2 defined in the correspondingZ rest frames. The offset of angleΦ∗ is arbitrarily
defined and therefore this angle is not shown.

the decay products of theZZ → 4l system, we can determine the spin and CP properties of a given
resonance. The system is maximally described by five angles. The angles are defined and illustrated
in Fig. 1. The analysis is performed using the per-event multivariate likelihood method to extract
the maximal amount of information from the system. Such analyses in hadron collider physics
have been performed in determinations of the top quark mass and have beenwidely used in many
B physics measurements [9]. The goal of this study is to apply these methods to thedetermination
of a spin of a resonance produced in hadron collisions. Many past works have been dedicated to this
topic [6, 7, 8]; our goal was to extract new particle properties in a model-independent way using
the maximal amount of information of the system including all five angles and the multivariate
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likelihood method. For further detailed discussion of this study, refer to [1].
To determine the angular distributions of a new particle, we start by constructing the most gen-

eral amplitudes consistent with Lorentz invariance and Bose-symmetry, as well as gauge-invariance
with respect to unbroken subgroups ofSU(3)× SU(2)L ×U(1)R of the SM. From these general
amplitudes, we calculate the helicity amplitudes for the production and decay processes. Helicity
amplitudes are important because those amplitudes parameterize angular distributions and, hence,
can be directly extracted from data. By knowing how these amplitudes are expressed through ef-
fective couplings introduced in the general amplitudes, we can constrain those couplings through
measurements of angular distributions. Recall, the angular system was described in Fig. 1. Distri-
butions of the five angles allow one to determine the spin of anX boson and measure contributions
of the different helicity amplitudes in both production and decay. We use the helicity formalism
as described in Refs. [10, 11]. For examples of the angular distributions, see Fig. 2, which has the
projections of the five angles for various example scenarios of spin-zero, -one, and -two particles.
The smooth lines are the analytically derived angular distributions while the points are generated
by a dedicated Monte Carlo written for this study [12].

To determine the sensitivity of our analysis, we use the MC simulation to generateboth signal
and background events, and apply a multivariate fitting technique to extractas much information
about the produced resonances as possible. Because our analysis isgeneral and is not based on any
particular model of BSM physics, it is not possible to accurately predict how many new particles
are produced for a given luminosity. Instead, we find it more reasonableto assume a certain number
of signal and background events, reconstructed by an LHC experiment. As a particular example,
we select 30 signal events which corresponds to approximately 5 fb−1 of data for the SM Higgs.
With this relatively small sample of signal events, for example, we can distinguish between a SM
Higgs and a new pseudoscalar particle hypothesis with 4.1σ . More complete results are given
in [1] for many different signal scenarios. By comparing various possibilities and maximizing all
available information using all five angles and the multivariate likelihood method, we find that, at
the time of discovery of any new resonance, we will already be able to make astatement about the
spin and CP of the new particle.

The author wishes to acknowledge collaborators Yanyan Gao, Andrei Gritsan, Zijin Guo, Kirill
Melnikov, and Markus Schulze.
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Figure 2: Distribution of the cosθ ∗ (left), Φ1 (second from the left), cosθ1 and cosθ2 (second from the
right), andΦ (right) generated formX = 250 GeV with the Monte Carlo program discussed in the text
(unweighted events shown as points with error bars) and projections of the angular distributions (smooth
lines). The three sets of plots from top to bottom show the models for spin-zero 0+ and 0− (top), spin-one
1+ and 1− (second row from top), and spin-two 2+

m , 2+
L , and 2− (third row from top). TheJ+ distributions

are shown with solid red points andJ− distributions are shown with open blue points, while the 2+
m and 2+L

are shown with red circles and green squares, respectively.
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